Abstract. Solid-state and solution pH-dependent NEXAFS studies allow direct observation of the electronic state of para-aminobenzoic acid (PABA) as a function of its chemical environment, revealing the chemical state and bonding of the chemical species. Variations in the ionization potential (IP) and 1s→p* resonances unequivocally identify the chemical species (neutral, cationic, or anionic) present and the varying local environment. Shifts in s* shape resonances relative to the IP in the NEXAFS spectra vary with C-N bond length, and the important effect of minor alterations in bond length is confirmed with nitrogen FEFF calculations, leading to the possibility of bond length determination in solution.
Introduction
Through X-ray absorption and emission spectroscopies, the chemical, electronic and structural properties of organic species can be investigated. The nature of solution species and their interactions can play an important role in the activity of biological systems [1] and in the structural outcome and therefore properties of crystallization products [2] . Near-edge X-ray absorption fine structure (NEXAFS) measurements allow direct observation of the electronic state of para-aminobenzoic acid (PABA) as a function of its chemical environment [3] . While the IP and p* resonances are characteristic of the species and related to their chemical and electronic nature in the solution and solid state, the dominating influence of bond length on the s* shape resonance proposed from experimental data is here investigated with FEFF calculations, exploring the ability and sensitivity of measuring bond lengths. 
Methods

N K-edge Near Edge X-ray Absorption Fine Structure (NEXAFS) Spectroscopy
Solid-state partial electron yield (PEY) NEXAFS measurements were performed on the U7a beamline of the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory, NY with the sample at 54.7°, a 600 l/mm monochromator grating, and an entrance grid bias of -150 V [3] . Spectra were normalized by the simultaneously recorded total electron yield signal from a gold-coated, 90% transmission grid in the incident beam (I 0 ), and the monochromator energy scale was calibrated using the 400.6 eV 1 st p* of a titanium nitride grid. Solution-state partial fluorescence yield (PFY) spectra were recorded using the liquid microjet of the LiXEdrom endstation at the U41-PGM beamline of the BESSY II synchrotron at Helmholtz Zentrum Berlin (HZB) using an 18 mm diameter glass nozzle with 0.6 mL min -1 flow rate [3] . Beamline energy calibration was performed with N 2 gas (total electron yield X-ray absorption spectroscopy 1s→2p p transition). Peak fitting and normalization were performed using the Athena software [4, 5] , with arctan steps for the ionization potentials (IPs, edge steps) and Gaussian functions for the peaks.
FEFF calculations
FEFF8.2 [6] was used to simulate the σ* shape resonance in the N K-edge NEXAFS for a geometry optimized monomer of non-ionic PABA. The SCF (7.0), XANES (4.0), and FMS (10.0) cards were used, and the calculated data were rigid shifted by +2.3 eV. To identify the influence of the C-N bond length, the C-N bond length of a-PABA was increased by 0.002-0.1 Å relative to the equilibrium value for the non-ionic monomer.
Results and Discussion
Nitrogen K-edge NEXAFS measurements reveal variations for the PABA species in both the solid state and in solution (Figure 1 ). Characteristic spectra are obtained for the different chemical species (non-ionic, cationic, anionic) present in solution with variation in pH, with a distinctive electronic signature for the cationic form following the change in nitrogen protonation state (NH 2 to NH 3 + ). Shifts in the ionization potential (IP, edge step) and 1s→p* resonances unequivocally identify the chemical and electronic nature of the species present [3, 7] . Further slight shifts and intensity variations are observed for the impact of differing local environments and interactions for the three non-ionic species investigated (a-and b-crystalline forms and the solutions species in methanol).
The energy of the s* resonance associated with the C-N bond relative to the IP also varies across the series (term value d C-N , Figure 1 ). The decrease in d C-N appears to correlate well with successively longer C-N bond lengths reported by X-ray diffraction (XRD) for the solid-state (Table 1 , y = -39.664x + 61.133) [3] . This relationship can then be applied to the NEXAFS data, using it to provide an indicator of bond lengths for PABA species in solution. highlighted by grey boxes (adapted under CC BY license [3, 7] ).
To further investigate the impact of the C-N bond of PABA on the nitrogen NEXAFS, FEFF calculations were performed. Using an optimized non-ionic monomer as input, only the C-N length was varied, keeping all other parameters constant. This enables the effect of the C-N bond length to be isolated from other changes occurring between the species.
The C-N length was initially extended by 0.1 Ångstroms (Å), where a clear alteration and decrease in s* energy of almost 2.5 eV is observed relative to the IP (∆d C-N , Figure 2 ). The changes in C-N bond length in practice are smaller than 0.1 Å, ranging from 0.002 to 0.08 Å for the different PABA species (Table 1) . Smaller increments were therefore tested, with lengthening by 0.03 Å (to mimic that occurring on moving from non-ionic a-PABA to b-or anionic PABA) resulting in a decrease in 
Conclusions
Nitrogen NEXAFS acts as a chemical and structural indicator for PABA, identifying the chemical species present in both the solid-state and in solution as well as providing a measure of C-N bond length. The ability to detect even minor variations in structure is verified by the FEFF calculations through incremental variation of bond length, with changes from as little as 0.002 Å alteration visible. NEXAFS can then potentially provide bond lengths for solution (or amorphous) species, such as demonstrated with PABA, and the combination of experiment and calculations is particularly strong.
